Previous studies showed that killifish (Fundulus heteroclitus) renal proximal tubules express a luminal membrane transporter that is functionally and immunologically analogous to the mammalian multidrug resistance-associated protein isoform 2 (Mrp2, ABCC2). 
Introduction
The vertebrate renal proximal tubule is responsible for the active excretion of potentially toxic, negatively charged metabolic wastes, xenobiotics and xenobiotic metabolites (Sweet, 2005 ). To accomplish this task, this epithelium is polarized with the basolateral and luminal membranes containing a broad variety of organic anion transport proteins, including members of the multidrug resistance-associated protein (MRP), organic anion transporter (OAT) and organic anion transporting polypeptide (OATP) families (Ito et al., 2005) . The MRPs, a subfamily of the ATP Binding Cassette Protein superfamily, comprise at least nine members, MRP1-9. All are membrane-bound proteins and depend on ATP hydrolysis to drive substrate transport (Dean and Allikmets, 2001 ). In mammalian kidney, MRP2 and MRP4 are located on the apical membrane of proximal tubular epithelial cells and play an important role in the urinary excretion of a wide variety of compounds (Schaub et For a functional assessment of organic anion transport in the kidney we have used isolated killifish (fundulus heteroclitus) renal proximal tubules. Kidneys of this teleost fish contain a high fraction of proximal tubules (Evans, 1997) , which can be isolated easily and are viable for at least a day at room temperature. This comparative model is a powerful tool for the study of secretory transport in intact proximal tubules (Pritchard and Miller, 1991) . Unlike mammalian proximal tubules, the broken ends of these tubules reseal after isolation, thus, forming a closed fluid filled luminal compartment. This enables study of cellular uptake and luminal accumulation of fluorescent compounds using imaging techniques.
We previously reported on the function and regulation of an Mrp2-like protein (Gutmann et al., , 2000 Notenboom et al., 2002 Notenboom et al., , 2004 ) and the immunolocalization of a Mrp4-like protein (Notenboom et al., 2005) in killifish proximal tubules. Consistent with this, an Mrp4-like gene has been identified in the genome of zebrafish (Danio rerio), another teleost fish (embl accession AL591370.10). In the present study, we used confocal microscopy and the fluorescent cAMP analog fluo-cAMP to visualize transport across proximal tubular epithelium of the killifish. Our data indicate that tubular transport of fluo-cAMP is distinct from Mrp2-mediated transport, and presumably mediated by a teleost form of Mrp4. Under a dissecting microscope, proximal tubules were isolated from the masses and transferred to foil-covered Teflon chambers (Bionique) with glass cover slip bottoms. The chamber contained 1 ml of marine teleost solution without (controls) or with added chemicals. These were added as stock solutions in marine teleost saline or in dimethylsulfoxide (DMSO).
Materials and Methods

Chemicals
The final DMSO concentration did not exceed 0.5%. This DMSO concentration had no effect 
Isolation of Crude Membrane Vesicles from Sf9 cells. Cells from Spodoptera frugiperda (Sf9)
expressing human MRP4 were generated by infection using a recombinant baculovirus encoding MRP4 or, as a control, opsine, as described previously (Van Aubel et al., 2002). Infected Sf9 cells were resuspended in ice-cold homogenization buffer (0.5 mM sodium phosphate, 0.1 mM EDTA), supplemented with protease inhibitors (100 µM PMSF, 5 µg/ml aprotinin, 5 µg/ml leupeptin, 1 µg/ml pepstatin, 1 µM E64), and shaken on ice for 1 h. Lysed cells were centrifuged at 100,000 x g, and the resulting pellet was homogenized in ice-cold TS buffer (10 mM Tris-HEPES, 250 mM sucrose, pH 7.4) with a tight-fitting Dounce glass tissue grinder.
The homogenate was centrifuged at 500 x g, and the resulting supernatant was centrifuged at 100,000 x g. The resulting pellet was resuspended in TS buffer and passed 30 times through a 27-gauge needle. Aliquots of crude membrane vesicles were frozen in liquid nitrogen and stored at -80°C until use.
Vesicle transport studies: Uptake studies were performed using fluo-cAMP as substrate as described in Smeets et al. (2004) . Vesicles stored at -80°C were prewarmed for 1 min at 37°C and added to a mixture of TS-Buffer (10 mM Tris-HEPES, 250 mM Sucrose, pH 7.4) 10 mM Statistics. Values presented are mean ± SE. Means of control and treated groups were compared using one-way ANOVA test and Dunetts Post test. Differences were considered statistically significant when P<0.05. Figure 1 shows a typical confocal image of a control killifish tubule after 30 min (steadystate) incubation in medium containing 2 µM fluo-cAMP. The distribution of fluorescence is similar to that seen for other fluorescent organic anions, i.e., the Mrp2-substrate Fl-MTX and the Oat substrate, fluorescein (FL; Masereeuw et al., 1996; Miller, 1998) . That is, fluorescence intensity in the lumens > cells > medium. This pattern suggests a two-step process involving uptake at the basolateral membrane and efflux into the lumen. (Fig 2A) . Cellular fluorescence remained constant from 10 min on. At steady state, luminal fluorescence exceeded cellular fluorescence by a factor 5-8. Steady state luminal fluo-cAMP accumulation was reduced when cellular energy metabolism was inhibited by 1 mM NaCN (Fig. 2B) . In contrast, cellular fluorescence was not affected by NaCN. Exposing tubules to 1 mM ouabain did not affect steady state fluo-cAMP accumulation (Fig. 2C) . In killifish tubules, this concentration of ouabain abolishes Na-dependent transport of the fluorescent small organic anion, FL (Masereeuw et al, 1996) . Similarly, increasing medium K + by a factor of 10 was without effect (Fig. 2D) ; this treatment depolarizes killifish renal epithelial cells by about 40 mV and substantially inhibits uptake of organic cations (Smith et al, 1988) . These results indicate that concentrative fluo-cAMP transport from cell to lumen was energy-dependent, but not sensitive to changes in ion gradients or the membrane electrical potential.
Results
To determine the characteristics of cellular and luminal accumulation of fluo-cAMP, we examined the effects of a number of chemicals on tubular transport. These chemicals were chosen because of known interactions with specific transporters or groups of related transporters.
Previous studies with killifish tubules showed that cell to lumen transport of the Mrp2 substrate, FL-MTX, was sensitive to inhibition by MK571 and LTC 4 , both inhibitors of MRPs None of these latter compounds affected transport of FL-MTX (Fig. 4) , indicating that they do not interact with teleost Mrp2. These results indicate that cell to lumen transport of fluocAMP and FL-MTX are mediated by different transporters, likely different teleost Mrp isoforms.
The stable cGMP analog, 8-Bromo-cGMP, also decreased luminal accumulation of fluocAMP (Fig 4) . 8-Bromo-cGMP inhibits cAMP specific phosphodiesterases, causing intracellular cAMP levels to increase. As a consequence, excretion of fluo-cAMP was inhibited. To determine whether fluo-cAMP was a substrate for human MRP4, transport studies were performed using membrane vesicles isolated from Sf9 cells transfected with human MRP4.
We found ATP-dependent and specific uptake of fluo-cAMP into MRP4 expressing vesicles.
The time course study showed that uptake of 20 µM fluo-cAMP in Sf9-MRP4 membrane vesicles started to reach a plateau after 20-30 min (Fig. 7A) . Uptake clearly saturated with increasing fluo-cAMP concentration ( , 1996) . This uphill step is Na + -independent, ouabain insensitive and insensitive to changes in membrane electrical potential, suggesting that it is ATP-driven.
Both the Oat-like and Mrp2-like transporters appear to be regulated by PKC-dependent signals, with PKC activation rapidly (minutes) reducing transport for both (Miller, 1998 This was not the case for luminal accumulation of fluo-cAMP, which was substantially reduced when metabolism was inhibited by NaCN and when a number of organic anions were added to the medium (Fig 9) . Clearly, cell to lumen transport was mediated and directly or indirectly coupled to ATP. This step was not affected by ouabain or high K + , suggesting that it was independent of ion gradients and membrane electrical potential. Luminal accumulation was not affected by millimolar concentrations of PAH nor by micromolar concentrations of PSC833, ruling out involvement of the efflux pathway for small organic anions ) and p-glycoprotein. 
Perspectives and Significance
Isolated teleost renal proximal tubules provide an important comparative model for the study of renal excretory transport. The present study gives functional evidence for a teleost isoform of MRP4 and suggests that MRP4 isoforms may have a regulatory impact on cellular nucleotides. In addition, the study demonstrates that fluo-cAMP may be a useful tool to investigate MRP4 regulation and function. 
